Backgrounds After traumatic brain injury (TBI), hemorrhagic progression of contusions (HPCs) occurs frequently. However, there is no established predictive score to identify high-risk patients for HPC. Methods Consecutive patients who were hospitalized (2008-2013) with non-penetrating moderate or severe TBI were studied. The primary outcome was HPC, defined by both a relative increase in contusion volume by C30 % and an absolute increase by C10 mL on serial imaging. Logistic regression models were created to identify independent risk factors for HPC. The HPC Score was then derived based on the final model. Results Among a total of 286 eligible patients, 61 (21 %) patients developed HPC. On univariate analyses, HPC was associated with older age, higher initial blood pressure, antiplatelet medications, anticoagulants, subarachnoid hemorrhage (SAH) subdural hematoma (SDH), skull fracture, frontal contusion, larger contusion volume, and shorter interval from injury to initial CT. In the final model, SAH (OR 6.33, 95 % CI, 1.80-22.23), SDH (OR 3.46, 95 % CI, 1.39-8.63), and skull fracture (OR 2.67, 95 % CI, 1.28-5.58) were associated with HPC. Based on these factors, the HPC Score was derived (SAH = 2 points, SDH = 1 point, and skull fracture = 1 point). This score had an area under the receiver operating curve of 0.77. Patients with a score of 0-2 had a 4.0 % incidence of HPC, while patients with a score of 3-4 had a 34.6 % incidence of HPC. Conclusions A simple HPC Score was developed for early risk stratification of HPC in patients with moderate or severe TBI.
Introduction
In blunt traumatic brain injury (TBI), hemorrhagic progression of contusions (HPCs) refers to enlargement of the hemorrhagic component of cerebral contusions after initial imaging [1] . Commonly called contusion ''blossoming,'' HPC can result in neurological worsening from mass effect, cerebral edema, and parenchymal tissue necrosis [2, 3] . Prior case series have reported an incidence of HPC in TBI patients that ranges from 18 to 51 % [4] [5] [6] [7] [8] [9] [10] . Early identification of patients at high risk for HPC could lead to interventions that reduce the morbidity and mortality of TBI. Conversely, for patients who are at low risk for HPC, neurological monitoring in the intensive care unit (ICU) with frequent serial neurological examinations and repeat imaging studies substantially adds to the acuity and cost of care for TBI patients [11] .
Prior reports have identified that radiographic factors such as the presence of a subdural hematoma (SDH) [4, 6, 12] , subarachnoid hemorrhage (SAH) [4, 5, 7] , and larger contusion volume [5, 6, 10] are associated with higher risk for HPC, as well as clinical factors such as older age [4, 13] , hyperglycemia [14] , antiplatelet medication use [15] , low platelet count [16] , and timing of the initial CT scan [4, 7] . One prior group attempted to develop a predictive score using clinical parameters [14] ; but the lowest risk patient group still had a high incidence of HPC (10.3 %) in this study, and the algorithm was complex.
A simple predictive score for HPC could provide a useful tool to improve resource allocation, especially in settings where ICU beds or specialty services may be limited. In this retrospective cohort study, we identified common clinical and radiographic factors associated with HPC in patients admitted for moderate or severe TBI. These factors were then used to derive a predictive scoring model that could be easily calculated to stratify risk for HPC. We hypothesized that an accurate predictive score for HPC could be derived from early markers of injury severity.
Methods
The Queen's Medical Center (QMC) Institutional Review Board approved this research project with waiver of informed consent. A prospectively collected trauma database from QMC, the only American College of Surgeonsverified trauma center in Hawaii, was queried to identify consecutive patients admitted for non-penetrating moderate or severe TBI from January 1, 2008, to December 31, 2013. Severe TBI was defined as blunt head trauma with initial Glasgow Coma Scale (GCS) of 3-8, and moderate TBI was defined as initial GCS of 9-12 [17] .
The standard practice at QMC is to admit patients with severe TBI to a dedicated Neurosciences ICU staffed by specialized neurocritical care nurses, acute care nurse practitioners, and board-certified neurointensivists. Moderate TBI patients are triaged to either the Neurosciences ICU or a neurological specialty acute medicalsurgical ward by the admitting trauma surgeon and neurosurgeon based on the anticipated clinical course of the patient. Repeat brain CT within 6-12 h after the initial scan is a standard institutional practice unless there are reasons not to perform repeat imaging, e.g., rapid neurological improvement or injuries that are perceived to be nonsurvivable. A portable bedside CT scanner (Ceretom) is available in the ICU and is often used for repeat imaging in the ICU patients.
Inclusion and Exclusion Criteria
The trauma database was queried for all TBI patients admitted during the study period. Consecutive patients with moderate or severe blunt TBI and repeat brain CT within 24 h were included in the analysis. The presence of a cerebral contusion on the initial brain CT was not required for inclusion because development of contusions may occur after the initial CT, and we believed that an accurate predictive score would need to account for delayed contusions. Patients with penetrating brain injury and those who did not undergo repeat brain imaging were excluded. TBI patients who met the initial GCS criteria due to intoxication but had a rapid subsequent neurological improvement to GCS > 12 were excluded from the study.
Outcome Variable
The primary outcome variable for the study was HPC. HPC was defined as both a relative increase in volume of the lesion by C30 % compared to the initial CT and an absolute increase in the total contusion volume by C10 mL on repeat CT. The C30 % threshold was based on prior reports [6] and was chosen to set a relatively high threshold for HPC due to potential differences in technique between the initial and follow-up CT scan. Enlargement of lesion volume by C10 mL was based on prior reports [4] and was chosen to identify HPC that had the potential to be clinically significant. The first two brain CT scans were retrospectively evaluated by a board-certified neurointensivist for identification of HPC. Parenchymal hematoma volume was estimated using the ABC/2 method, which has been utilized in prior studies of spontaneous and traumatic hematoma volume [2, 3, 6, 18, 19] . Heterogeneous lesions, defined as mixed high and low density, were measured using the entire length of the hyperdense portion of the lesion. In the case of multiple contusions, the volumes of all contusions were summed together in an effort to account for mass effect from multiple lesions. Punctate contusions were estimated at 1 mL each.
The secondary outcome measure was HPC associated with neurological decline, which was defined by the following criteria: unplanned craniotomy or ICP monitor placement, unplanned endotracheal intubation, unplanned ICU transfer during the first 24 h of hospitalization, or sustained decline in GCS by C1 point for C24 h that was not attributable to sedation. The GCS criterion was adopted for high sensitivity identification of patients with neurological decline while avoiding inclusion of patients with fluctuations of GCS due to sedative medications and circadian patterns. Additional secondary outcome measures were hospital length of stay, ICU length of stay, mortality, and discharge modified Rankin Scale (mRS) score.
Factors Associated with HPC
Clinical data were obtained from the prospectively collected trauma database supplemented with retrospective review of the electronic medical record (Epic). Initial GCS was defined as the highest recorded value in the emergency department (ED) obtained by the attending trauma surgeon, neurosurgeon, and/or neurointensivist prior to sedation. Decline of GCS during the first 24 h was defined as a reduction in GCS by C1 point that was sustained over 24 h and not attributable to sedation. Initial motor examination and pupil size and reactivity were determined by the attending trauma surgeon, neurosurgeon, or neurointensivist on initial examination in the ED.
Initial brain CT was defined as the first imaging study available in the QMC computerized radiology system. For patients presenting directly to QMC, the initial CT was obtained in the QMC ED. For patients transferred to QMC from another facility, the initial CT was reviewed from the referring hospital if it was electronically transmitted or scanned into the QMC computerized radiology system. All CT scans were evaluated for Marshall CT classification [20] ; Rotterdam CT score [21] ; presence, displacement, and location of skull fractures; presence, location, and maximal thickness of SAH, epidural hematoma, and SDH; presence, location, and volume of cerebral contusions; extent of midline shift; and presence of intraventricular hemorrhage and hydrocephalus. Examples of HPC in two patients are shown in Fig. 1 .
Statistical Analysis
Data were analyzed using commercially available statistical software (SPSS 22.0, Chicago, IL). Patient characteristics were summarized using descriptive statistics appropriate to variable type. Those with HPC were compared to those without HPC using the Chi-square test for categorical data, two-tailed t test for normally distributed, continuous variables, and the Mann-Whitney U test for nonparametric data. Data were reported as mean ± SD except as noted. Variables that could have a biologically plausible association with HPC, could act as potential confounders, or had been reported to be associated with HPC in prior studies were included in the analyses.
A multivariable model using logistic regression was then constructed to identify independent risk factors for HPC. Variables with p B 0.1 in the univariate testing were entered in the model. Odds ratio (OR) and 95 % confidence interval (CI) were calculated from the beta coefficients and their standard errors. Levels of p < 0.05 were considered statistically significant. After performing the initial regression model, a predictive score was derived using a weighted system by dividing the beta coefficients by a common denominator to obtain an integer score proportional to the magnitude of the beta coefficient. The performance of the score was assessed by calculating the area under the receiver operating characteristic (ROC) curve.
Results
Based on the GCS criteria, we identified 419 patients with moderate or severe TBI due to blunt head trauma. Of these patients, we excluded 133 patients who did not have repeat imaging within 24 h of the injury. Among the excluded patients, 19 were children (median age 9 years, range 0-16 years) for whom repeat imaging was not recommended in order to minimize radiation exposure. Among the 114 adult patients who were excluded, 53 died from traumatic injuries prior to performance of a repeat head CT or had injuries that were believed to be nonsurvivable by the treating physician so repeat imaging was not obtained; 36 had no apparent intracranial lesion or minor lesions on the initial head CT, and the treating physician believed that a repeat head CT was unnecessary; 12 had advance directives or early family request for comfort measures only; 7 had improvement in neurological examination, and the treating physician believed that a repeat head CT was unnecessary; and 6 had initial imaging at an outside hospital that was not available for retrospective review.
A total of 286 patients met the inclusion criteria and were included in the final analyses. Of these patients, 146 had moderate TBI and 140 had severe TBI. Characteristics of the study population are shown in Table 1 . The median initial composite GCS was 9 (interquartile range (IQR) 6-12). The mean initial contusion volume was 6.2 ± 11.6 mL among patients who had contusions on the initial brain CT. The mean interval from injury to initial brain CT scan was 2.4 ± 1.6 h, and the mean interval between first and second brain CT scan was 9.4 ± 4.8 h. Twenty-eight patients (9.8 %) underwent a craniotomy or decompressive craniectomy prior to the second brain CT, but no patients had evacuation of cerebral contusions. Of the 286 patients, 193(67 %) were initially admitted to the Neurosciences ICU, 36 (12.6 %) were admitted to other ICUs, and 57 (19.9 %) were admitted to the medical-surgical ward. For the total study population, the mean ICU length of stay was 7.6 ± 9.5 days and mean hospital length of stay was 10.9 ± 14.4 days. In-hospital mortality occurred in 59 patients (21 %), and the discharge mRS was B2 in 102 patients (36 %).
HPC occurred in 61 patients (21 %) and was associated with neurological decline in 32 (52 %) of these patients. Of the 32 patients with neurological decline due to HPC, 1 required unplanned ICU transfer from the medical-surgical ward, 3 required unplanned endotracheal intubation, and 4 required unplanned craniotomy or decompressive craniectomy. In univariate analyses (Table 2) , HPC was associated with older age, higher initial systolic blood pressure (SBP), use of antiplatelet medications, use of anticoagulants, larger contusion volume, shorter interval from injury to initial brain CT, receipt of mannitol, no packed red blood cell (pRBC) transfusion, and presence of SAH, SDH, skull fracture, and frontal lobe contusion on the initial brain CT. A multivariable regression model was then constructed (Table 3 Using the regression model, a predictive score was derived based on presence or absence of SAH, SDH, and skull fracture. We did not include pRBC transfusion in the final predictive score. The predictive score was constructed for HPC based on the odds ratio of factors in the full multivariable regression model (Table 3 ). This HPC Score has a possible range of 0-4 calculated by adding 2 points for presence of SAH, 1 point for presence of SDH, and 1 point for presence of a skull fracture. The area under the ROC curve of the HPC Score was 0.77. None of the patients with an HPC Score of 0 (n = 38) had HPC. Patients with an HPC Score of 0-2 had a 4.0 % (5/124) incidence of HPC, while patients with an HPC Score of 3-4 had a 34.6 % (56/162) incidence of HPC (Table 4) .
Discussion
In a cohort of 286 patients with moderate or severe blunt TBI, we identified factors associated with HPC and derived a simple scoring model called the HPC Score to stratify risk for HPC. This HPC Score has a possible range of 0-4 calculated by adding 2 points for presence of SAH, 1 point for presence of SDH, and 1 point for presence of a skull fracture. Scores of 0-4 had an observed HPC incidence of 0, 3.7, 7.7, 28.9, and 39.5 %, respectively. As in previously published reports, we identified presence of SAH [4, 5, 7] , skull fracture [7] , and SDH [3, 6, 12] as major risk factors for HPC. SAH, skull fracture, and SDH may be markers of the overall severity of head trauma, or they may represent injury to the cortical veins, bridging veins, and venous sinuses that could contribute to venous congestion of the brain and increased risk of hematoma expansion [1] . The reason for the independence of these three risk factors for HPC is not known, but they may represent a cumulative injury to the brain such that patients with skull fracture and SDH in addition to SAH experienced greater brain trauma than patients with SAH alone.
Older age, anticoagulant use, antiplatelet medication use, and frontal contusion location have also been associated with HPC in other studies [4, 12, 13, 15, [22] [23] [24] and were identified as risk factors in our univariate analyses; however, they were not independent risk factors for HPC in the multivariable model and were not included in the HPC Score. The lack of an independent association between HPC and anticoagulant or antiplatelet medications may be due to several factors, including incomplete or inaccurate ascertainment of medication use and the small number of patients on these medications. This finding does not necessarily imply that TBI patients on anticoagulant or antiplatelet medications are at low risk for HPC but rather Unilateral non-reactive pupil 22 (7.7 %)
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SD standard deviations, GCS Glasgow Coma Scale, IQR interquartile range, CT computed tomography GCS Glasgow Coma Scale, SBP systolic blood pressure, INR international normalized ratio, CT computed tomography, SDH subdural hematoma, SAH subarachnoid hemorrhage, pRBC packed red blood cells that these patients overwhelmingly had SAH or SDH on the initial brain CT. These radiographic findings, rather than clinical factors like age or medication use, were the strongest predictors of HPC and were, therefore, used to construct the HPC Score. An advantage of the HPC Score derived by this study is that it entirely relies on a small number of radiographic factors that can easily be obtained from the initial brain CT without detailed knowledge of the patient's medical history or specific neurological examination findings. If it is externally validated, a predictive score with these features could allow early risk stratification for HPC among TBI patients by emergency physicians, trauma surgeons, and radiologists with limited neurological expertise and in trauma patients with unknown medical history. The HPC Score requires external validation in other cohorts before adoption in clinical practice can be recommended, however.
We observed an apparent protective effect of pRBC transfusion on the incidence of HPC on the multivariable analysis. However, we did not include pRBC transfusion in the HPC Score for several reasons. First, the reason for this association is unclear. As blunt trauma can be heterogeneous, TBI patients commonly experience concomitant trauma to other body systems with potential for blood loss. These injuries may create competing priorities in the initial management of the trauma patient, including the need for immediate hemorrhage control which may delay the time to initial head CT in TBI. The presence of systemic injuries may also distribute traumatic forces away from the head, decreasing the severity of brain trauma. RBC transfusion may also reflect unmeasured biases such as aggressiveness of the initial resuscitative effort. Second, we did not want to imply that TBI patients should undergo packed red blood cell (pRBC) transfusion in order to lower the chance of HPC. Third, the addition of pRBC transfusion did not significantly increase the accuracy of the model.
Limitations of the study include the retrospective design, which could under-identify patients with neurological decline due to reliance on clinical documentation. The focus on radiographic enlargement may also overemphasize changes in lesion size that are not clinically relevant and under-emphasize important clinical deterioration that is unrelated to changes in the hematoma volume, such as per hematoma edema, mass effect, and delayed hydrocephalus. We also excluded 133 (32 %) of the screened patients because they did not undergo repeat head CT within 24 h, which could result in a selection bias excluding patients perceived as low risk for HPC or those with nonsurvivable injuries. Mild TBI patients were not included in the study because repeat brain CT scans are not routinely performed in this group at our institution. This is an important limitation, and the results may not be applicable to patients with mild TBI.
The next steps include external validation of the HPC Score to confirm whether this predictive tool is able to accurately identify patients at high and low risk for HPC. If so, the HPC Score could become an important clinical tool Scoring criteria were: presence of SAH = 2 points; presence of SDH = 1 point; presence of skull fracture = 1 point for early HPC risk stratification in patients with TBI. In this paradigm, patients with high risk for HPC could be identified and triaged to a dedicated Neurosciences ICU with more intensive staffing ratios and more frequent neurological examinations, earlier neurosurgical consultation or ICP monitor placement, or clinical trials of antifibrinolytic agents, clotting factor replacement, or intensive blood pressure control. Conversely, early identification of patients at low risk for HPC could allow more efficient allocation of critical care resources. External validation of the HPC Score should also include patients with mild TBI based on an initial GCS of 13-15. Patients with initially mild TBI can also develop significant HPC, particularly those with bifrontal cerebral contusions [25] . The identification of mild TBI patients at high risk for HPC is particularly important because this group is commonly admitted to lower acuity clinical environments and more rapidly discharged from the hospital.
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